Effects of salt on anaerobic digestion are dosage-dependent. As salt is a widely used condiment in food processing, effects of salt are bound to be considered when food waste is digested. In this study, salt addition effects (0, 2, 4, 6, 9, 12 g·L −1 ) on biogas and methane yields and kinetics of biogas production were researched. Meanwhile, component characteristics (food waste featured in carbohydrate, protein and fat, respectively) and fermentation concentrations (5 and 8 gVS·L −1 ) were also taken into consideration. Results showed that 2-4 g·L −1 salt addition was the optimal addition dosage for AD systems as they not only have the maximum biogas and methane yields, but also the maximum vs. removal in most cases. Also, according to the results of a modified Gompertz model, which is used to predict biogas and methane production rates, suitable salt addition can accelerate biogas production, improving the maximum biogas production rate (R max ). Factorial design (2 × 2) proved that interaction of salt and fermentation concentrations was significant for food waste featured with carbohydrate and with protein (p < 0.05). High salt addition and fermentation concentration can break the AD system when the feeding material was food waste featured with carbohydrate, but for food waste featured with protein, interaction of fermentation concentrations and salt addition can alleviate inhibition degrees.
Introduction
Considerable amounts of food waste are discharged annually; it is estimated that 1.3 billion tons of food waste were produced in 2018 globally and the amount of food waste could keep increasing in the next 20 years [1, 2] . Without proper treatment, food waste may cause many problems, such as bad odors and the emission of greenhouse gases. Among all the methods, anaerobic digestion (AD) is considered as a good option for organic waste treatment, as the products of AD are biogas and digestate. Biogas can be used to generate electricity and heat and digestate can be used as fertilizer [3] .
Salt mentioned in this article refers to table salt, which is a widely used food flavoring agent and its content in food is between 2% and 5% in mass fraction [4] . The main composition of salt in China is NaCl, taking up more than 97%, and the corresponding sodium content is 39% approximately [5] . Sodium is necessary for AD, as it plays an important role in cell synthesis, cell growth and metabolism related to the AD process [6] . Approximately 350 mg·L −1 Na + was reported as the optimal concentration
Materials and Methods

Test Substrate
In this research, milled wheat, skimmed soybeans and edible sunflower oil were used to simulate HCFW, HPFW and HFFW, respectively. Wheat and oil were produced by Kaufland Corporation. Skimmed soybeans were bought online from Stadtmühle Waldenbuch and had been skimmed by the seller. They were then grinded by a mill produced by Fritsch (serial number is 09.203.348) into powder with the size less than 2 mm before being taken as substrate. The main characteristics of them were in Table 1 . It can be seen that carbohydrate content of wheat, protein content of skimmed soybeans and fat content of oil took up 84.8%, 71.4% and 100.0% respectively, which can be considered as HCFW, HPFW and HFFW [15] .
Inoculum was the digestated sludge, which was taken from an anaerobic digester in a municipal wastewater treatment plant of Institut für Siedlungswasserbau, Wassergüte-und Abfallwirtschaft (ISWA), Germany. Sludge was put into a temperature-controlled chamber under 36 • C in the absence of oxygen for one week before utilization, in order to consume organic matter. The main characteristics of inoculum are shown in Table 1 . Although the species of microorganisms in inoculum had not been identified, one fact that can be sure was that there existed no pre-acclimation of inoculum to high salinity condition and the salt concentration in inoculum was only 0.5 g·kg −1 (Table 1 ). Meanwhile, considering that the effects of salt immensely depended on the presence of other cations in the inoculum, detailed information of cations' concentration of inoculum was listed in Table A1 . As the inoculum was from the same batch and the concentrations of cations were not changed artificially, they would be considered identically in this study. As the result, although the presence of cations may cause antagonism or synergism and influence salt effects on AD, it would not be discussed in this paper [8, 20] .
Experimental Set-Up
The experiments were carried out at 35.5 ± 0.5 degree Celsius, which results in mesophilic AD. Bottles whose total and working volumes are 500 mL and 300 mL were used in the experiments. Six different levels of salt addition (0, 2, 4, 6, 9, 12 g·L −1 ) were chosen to be tested under two levels of FC (5 and 8 gVS·L −1 ). After corresponding dosages of salt and feeding materials were put in each bottle, 150 mL inoculum was added and an amount of water was injected to let the test material reach 300 mL. For example, for the case of HCFW, when the test condition was 2 g·L −1 , salt addition and 5 gVS·L −1 FC, 0.60 g salt and 1.67 g milled wheat (for the case of HPFW and HFFW, here was 1.81 g skimmed soybeans and 1.5 g edible sunflower oil respectively) was put into one bottle, followed by 150 mL inoculum and then, water was injected until test material reach 300 mL. As a result, the ratio between feeding material and inoculum (F/I) for 5 and 8 gVS·L −1 FC was 0.52 and 0.83, respectively, which was in the range of 0.5 and 2, recommended by [22] . Considering the TS content of all cases were between 6.5 and 10.5 gTS·L −1 , the test could be considered as wet AD [23] . A batch test containing inoculum only was conducted as a blank test and another test was carried out with cellulose as a standard test. Proper dosage of 4.0 M hydrochloric acid was added to make the pH in all reactors 7.0 ± 0.5, which was the optimal pH for microbes [24] . Biogas produced from standard test (560.28 mL·g −1 VS) was 74.86% of theoretical biogas yield (748.41 mL·g −1 VS). All cases were operated in duplicate with 21-day digestion time and then, TS, VS, NH 4 + , FOS/TAC, pH and conductivity of digestate were measured.
Analytical Methods and Calculation
TS and VS were measured based on standard methods [25] . pH was determined with a digital pH meter (CG819, SCHOTT, Mainz, Germany). Total inorganic carbon (TIC) and volatile organic acids (VOA) were analyzed using 0.05M H 2 SO 4 to titrate with endpoints of pH 5.0 and 4.4 [26] . Elements (C, H, N) were analyzed by an elemental analyzer, vario MAX CHN, produced by Analysensysteme GmbH, Langenselbold, Germany. NH 4 + was determined with product 1.16977.001 produced by Replectoquant Company. Salt content was determined by testing the conductivity of the mixture of 20 g sample and 200 mL distilled water [27] . The relationship between NaCl concentration and conductivity was found with the building of a standard curve (Table A2 ). Total ammonia nitrogen (TAN) has two forms, NH 4 + -N and NH 3 -N, which were calculated according to Equations (1) and (2), respectively [28] :
Daily biogas yield was measured by displacing solution, which was composed of 170 g Na 2 SO 4 , 30 mL H 2 SO 4 and 900 mL H 2 O. Then 4 mg methyl red indicator was added to per liter of solution. The results were transferred to standard condition (0 • C, 101.325 kPa) based on Clausius-Clapeyron relation. Composition of biogas was analyzed by gas chromatography, produced by Bodenseewerk Perkin-Elmer GmbH, Ueberlingen, Germany.
VS removal rate was calculated according to the Equation [15] :
where F = total VS feed added to reactor (g); I = total VS inoculum added to reactor (g); a = calculated vs. removal of feed plus inoculum based on total initial and final mass of vs. present in the reactor (%); b = calculated vs. removal of inoculum in blank reactor (%). Sodium addition and concentration in each test was calculated. As NaCl taking up at least 97% of table salt, 1 g table salt has approximate 0.39 g Na + [5] . The concentration of sodium in digestate is calculated based on Equation (4):
where C i and C w are the concentrations of salt in inoculum and water, respectively; L i and L w are the volume of inoculum and water put into the reactor, respectively; m sa is the mass of salt supplied into the digestate and m ss is the mass of salt in skimmed soybeans. The calculation result is in Table A3 . Theoretical biogas production (TBP) was calculated with stoichiometric conversion of organic matter: TBP (mL·g −1 VS) = 750 carbohydrates (%VS) + 800 proteins (%VS) + 1390 fat (%VS) [29] . As a result, TBP of HCFW, HPFW and HFFW was 794.83 mL·g −1 VS, 779.64 mL·g −1 VS, and 1390.00 mL·g −1 VS, respectively.
Inhibition degree was used to describe the adverse impact on biogas yield from high salt addition.
Inhibition degree (%) = (1 − biogas yield without salt addition biogas yield with high salt addition ) × 100% (5)
Kinetic Model
Gompertz model, which can predict cumulative biogas yield and production rate based on Equaiton (5) , was employed to calculate biogas production rate of each reactor [3, 15, 30] .
where Y(t) is the cumulative biogas yield at time t (mL·g −1 VS); Y max is the potential maximum biogas yield (mL·g −1 VS); R max is the maximum biogas production rate (mL·g −1 VS·d −1 ); λ is the lag phase (d); t is the duration of the test (d) and e is 2.7183. All of these parameters, i.e., Y max , R max , λ and R 2 , were determined with nonlinear least-square regression analysis using Matlab R2010b.
Statistical Analysis
In order to research the significance of interaction effect on biogas yields from salt addition and FC, 2 × 2 factorial design was utilized, calculated by Origin 8.0 [31] . Here, 2 × 2 factorial design means the factorial design had two factors and two levels for each factor. As FC had two levels, namely, 5 and 8 gVS·L −1 , only two levels of salt addition were chosen correspondingly and in order to research the inhibition effects from salt, two levels of salt addition were 0 and 12 g·L −1 .
Results and Discussion
Promotion Effects of Salt on Biogas and Methane Yield
Effects of salt on total specific biogas production (SBP) and specific methane production (SMP) from AD of food waste with different components are shown in Figure 1 and Table 2 . Both total SBP and SMP have experienced a trend of an increase at first and then decrease in each of the six figures Among all cases, 2 g·L −1 salt addition had the maximum total SBP and SMP (in four and five cases). For biogas yield, the only two exceptions were those for HCFW digestion with 8 gVS·L −1 FC, 6 g·L −1 salt addition had the maximum total SBP (764 mL·g −1 VS, Table 2 ) and for HPFW digestion with 8 gVS·L −1 FC, 4 g·L −1 salt addition had the maximum total SBP (628 mL·g −1 VS, Table 2 ). For methane yield, the only exception was when HCFW was digested with 8 gVS·L −1 FC; 4 g·L −1 salt addition had the maximum total SMP (269 mL·g −1 VS, Table 2 ). It can be seen that even though the optimal salt addition varied with different FC and feeding materials, proper salt addition can enhance biogas and methane production compared with no salt addition. Considering the fact that in the case of HCFW digestion with 8 gVS·L −1 FC, total SBP with 4 and 6 g·L −1 salt addition were very similar (759 and 764 mL·g −1 VS, respectively, Table 2 ), it could be concluded that 2-4 g·L −1 salt addition was the optimal dosage of sodium for biogas and methane production. In a previous study, the optimal sodium concentration was from 0.10 to 0.35 g·L −1 [7, 18] . However, in this study, 0.88-1.66 g·L −1 sodium concentration had more biogas and methane yields than 0.10 g·L −1 sodium concentration (without salt addition, Table A3 ). Furthermore, 2 g·L −1 and 4 g·L −1 salt addition also had the maximum vs. removal five times, 83.3% of the total ( Table 2 ). It further proved that 2-4 g·L −1 salt addition benefited AD progress for improving the dissolution of the organic part [6, 14] . 
Promotion Effects of Salt on Biogas Production Rate
Figures 2 and 3 show information about daily and accumulated SBP of three feeding materials. Compared with HPFW and HFFW, AD of HCFW had significantly higher SBP peaks (Figure 2a ). Especially with 8 gVS·L −1 FC, the peak of 6 g·L −1 salt addition was 319 mL·g −1 VS. Also, the peaks' appearance time of HCFW was earlier than others. HCFW reached the peaks in the first two days while others were later than the third day ( Figure 2 ). Both of them can be ascribed to the rapid degrading kinetics of carbohydrate [15] . In Figure 3 , it can be observed that for biogas production, curves of 0 g·L −1 salt addition often lagged under curves of 2-6 g·L −1 salt addition. Especially for AD of HPFW with 5 gVS·L −1 FC, even the total SBP of 0 g·L −1 salt addition was more than 6 g·L −1 salt addition; the latter stayed in the lead until the 10th day (Figure 3b ). On this basis, it can be preliminarily concluded that 2-6 g·L −1 salt addition can increase biogas production rate. Further comparison will be done quantitatively with a modified Gompertz model, which is often used to predict biogas and methane yield [3, 15, 30] . Under the same condition of salt addition and FC, HCFW had faster maximum biogas production rate (R max ) and shorter lag phase (λ) than HPFW and HFFW, indicating that the former produced biogas faster and earlier ( Table 3 ). The result is in accordance with the observation from Figure 2 . For HCFW, 2 g·L −1 salt addition (110.86 mL·g −1 VS) and 4 g·L −1 salt addition (90.29 mL·g −1 VS) had the maximum R max with 5 and 8 gVS·L −1 FC respectively. Compared with 0 g·L −1 salt addition, the former had a 10.12% increase while the latter had an 89.05% increase. Here, although with 8 gVS·L −1 FC, 12 g·L −1 salt addition had the maximum R max (277.27 mL·g −1 VS), it was not taken into account due to its terrible R 2 , 0.6047 only. This poor fitting result can be attributed to the fact that AD of this case had broken on the 4th day and no biogas was produced then (Figures 2 and 3) . A similar phenomenon also happened when feeding material was agricultural and food processing by-products. It was reported that feeding materials with medium carbohydrate could be used with higher OLRs in continuous AD than feeding materials with high carbohydrate contents as the possibility of acidification due to accumulation of VFA would be lower with lower carbohydrate contents [15] . The maximum R max of HPFW for 5 and 8 gVS·L −1 FC were 97.30 mL·g −1 VS and 62.62 mL·g −1 VS with 2 g·L −1 salt addition, a 28.08% and 51.11% increase compared to 0 g·L −1 salt addition. For HFFW, even salt addition also had an increasing of R max , the increasing was not as significant as HCFW and HPFW. 6 g·L −1 salt addition had a 6.33% increase with 5 gVS·L −1 FC and 9 g·L −1 salt addition had a 1.65% increase with 8 gVS·L −1 FC. Nevertheless, the promotion on biogas production rate from proper salt addition can be proved, especially for HCFW and HPFW. It was reported that with the increasing of salt concentration from 2 to 15 g·L −1 , soluble carbohydrate and soluble protein increased from 8596 and 2156 mg COD·L −1 to 12,054 and 3124 mg COD·L −1 respectively [6] . A similar result was found where the addition of salt improved solution of waste-activated sludge efficiently. With the dosage of salt, both soluble protein and carbohydrate increased in the digestate, resulting in a larger amount of VOA produced [10] . This could be explained by the exchange between the Na + released from NaCl solution and some divalent cations (e.g., Ca 2+ and Mg 2+ ) from the extracellular polymeric substances which can result in the release of extracellular polymeric substances from the waste activated sludge (WAS) [11] . As solubilization and hydrolysis are widely considered as the rate-limiting steps, rapid solubilization and hydrolysis of organic material would induce rapid biogas production [12, 13] . However, the promotion effect of salt on oil degradation is much worse. Table 3 . Kinetic result of soybean with different salt addition modeled by the modified Gompertz model. 
Interaction of FC and High Salt Addition on Inhibition Degree of Biogas Yield
In all cases, 12 g·L −1 salt addition had the worst AD performance, which was mainly reflected in the minimum biogas and methane yield and minimum R max (Figure 1 and Table 3 ). This inhibition phenomenon could be because high concentration of sodium cation would lead to high osmotic pressure, resulting in the loss of the intracellular water of microbes [32] . Also, high salt addition could suppress the activities of key enzymes, such as CoAT and F420, which are responsible for acid generation and methane formation [14] . Nevertheless, the inhibition degree with 12 g·L −1 salt addition varied with different feeding materials and FC (Figure 4 ). For HCFW, an inhibition degree at 5 gVS·L −1 FC was slight, 9.78% only. However, when FC increased to 8 gVS·L −1 , the degree increased sharply to 52.0% and the AD process even ceased at the 4th day (Figures 2 and 3) . For HFFW, with the increasing of FC, inhibition degree increased from 29.4% to 34.0%. However, inhibition degree of HPFW dropped with the increasing of FC, from 26.3% to 10.4%. Factorial design was used to analyze significance of interaction of FC and salt addition. The results showed that interaction from salt addition and FC had significant effects on inhibition degree of HCFW and HPFW (p < 0.05) but had insignificant effects on inhibition degree of HFFW (p = 0.62 > 0.05). It could be concluded that for HCFW, interaction of FC and salt addition aggravated the inhibition degree and significantly reduced biogas production while for HPFW, interaction of FC and salt addition can alleviate the inhibition degree ( Figure 4 ). The explanation of this difference could be that, at first, with the increasing of FC, during the period of hydrolysis and acidogenesis, the accumulation of VFA would be more severe, leading to pH dropping and AD inhibition [21] . This fact was also observed in Figure 2 where for HCFW and HPFW, when initial FC increased to 8 g·L −1 , two SBP peaks can be observed while for 5 gVS·L −1 FC case, there was only one SBP peak. A significant decrease in daily SBP after the first biogas production peak may be due to the fact that the enhancement of FC made the rates of hydrolysis and acidogenesis exceed the rate of methanogenesis, resulting in the increase of VFA concentration and concomitant biogas production inhibition [33] . After that, as the initial substrate was mostly hydrolyzed and acidified, the consumption rate of VFA in the methanogenic process was higher than that of VFA formation, leading to the decrease of VFA concentration and the recovery of gas production rate and a second peak appeared consequently. Secondly, high salt addition can improve protein and carbohydrate solubilization and provide considerable organic compounds for VFA production. Also, high salt addition inhibits the growth of methanogens and suppresses the consumption of VFA, resulting in the accumulation of VFA and pH dropping. Taking into account the rapid degradation of carbohydrates, when the feeding material was HCFW, AD acidized quickly with high FC and salt addition, causing the system to crash on the 4th day (Figures 2 and 3 ). This could be proved by the fact that the pH of this case was only 4.72, far below neutral conditions (Table 4 ). However, for HPFW, with the solubilization of protein, ammonium was produced, which can alleviate the dropping of pH and avoid excessive acidification [8] . With 12 g·L −1 salt addition and 8 gVS·L −1 FC, TAN of HPFW was 1076.2 mg·L −1 while TAN of HCFW was only 488.5 mg·L −1 , resulting in higher pH of HPFW (6.98) and preventing the system from crashing at the same time. Meanwhile, TAN of this case was lower than 1540 mg·L −1 , indicating that AD was not affected by TAN inhibition [34] . Furthermore, the inhibition degree dropped from 26.3% to 10.4% with increasing of FC. One possible reason may be that as sodium plays an important role in cell synthesis and growth and high feeding substrates can support more microorganism and need additional salt for cell synthesis and growth, especially for the AD progress getting rid of acidification [6] . For HFFW, because of the lack of protein (Table 1) , the pH decreased with the increasing of FC and salt addition (Table 4) , and pH was at a minimum (6.76) with 12 g·L −1 salt addition and 8 gVS·L −1 . Also, although VOA/TIC was at a maximum (0.24) in this case, the AD system still did not crash, as it was reported that an unstable AD process and methane fermentation inhibition appeared when VOA/TIC ratio was higher than 0.3-0.4 [21, 35] . It can be ascribed to the slow degrading characteristics of HFFW, preventing it from rapid pH dropping [30] . 
Conclusions
The effects of salt on food waste with different component characteristics were studied on 5 and 8 gVS·L −1 FC; 2-4 g·L −1 salt addition (namely, 0.88-1.66 g·L −1 sodium concentration) was considered as the optimal salt addition as this range had the maximum biogas and methane yield and the highest vs. removal and rapidest biogas production in most cases. Meanwhile, 12 g·L −1 salt addition and 8 gVS·L −1 FC had significant interaction with biogas yield from HCFW and HPFW. When the feeding material was HCFW, high salt addition and FC caused the ceasing of biogas production. However, for HPFW, 8 gVS·L −1 FC can alleviate inhibition from 12 g·L −1 salt addition, compared with 5 gVS·L −1 FC. In practice, when carbohydrate content of food waste and FC is high, salt concentration should be paid attention carefully in case of the break of the AD system. Meanwhile, high protein content in food waste can enhance the buffering capacity of the AD system and prevent it from acidification, especially for high salt concentrations and FC. 
